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The quest for molecular structures exhibiting strong quantum interference effects in the transport
setting has long been on the forefront of chemical research. Here, we establish theoretically that
the unusual geometry of spiro-conjugated systems gives rise to complete destructive interference
in the resonant-transport regime. This results in a current blockade of the type not present in
meta-connected benzene or similar molecular structures. We further show that these systems can
undergo a transport-driven Jahn-Teller distortion which can lift the aforementioned destructive-
interference effects. The overall transport characteristics is determined by the interplay between the
two phenomena. Spiro-conjugated systems may therefore serve as a novel platform for investigations
of quantum interference and vibronic effects in the charge transport setting. The potential to control
quantum interference in these systems can also turn them into attractive components in designing
functional molecular circuits.
Introduction.—Much of the development in the field of
single-molecule electronics has been driven by the possi-
bility of exploiting quantum interference (QI) effects to
construct smaller and more efficient electronic devices.
Hitherto, investigations of QI effects in single-molecule
junctions utilised predominantly planar ring structures
[1–5], and cross-conjugate molecular systems [6–11]. Ad-
ditionally, the vast majority of theoretical studies focused
on the off-resonant transport regime, although QI effects
in the resonant regime have also attracted some atten-
tion, predominantly in the case of benzene [12–14]. De-
spite theoretical progress and many experimental suc-
cesses in recent years, the pursuit of novel systems ex-
hibiting QI effects remains at the frontier of research in
the field of molecular electronics [15].
The focus of this work is resonant charge transport
through a spiro[4.4]nonateraene (SNT) molecule, a pro-
totypical spiro-conjugated molecular system, pictured in
Fig. 1. Spiro-conjugated molecules comprise conjugated
moieties connected via a saturated link in such a way that
the pi-units are orthogonal [16, 17]. Due to this peculiar
geometry, the pi-units interact with each other across the
spiro-link, as shown in Fig. 1, giving rise to an unusual
electronic structure [16–18]. To the best of our knowl-
edge these systems have not been previously studied in
the single-molecule junction setting [19].
Pariser-Parr-Pople Hamiltonian.—We wish to de-
scribe this system with a Pariser-Parr-Pople (PPP)
Hamiltonian [20–22]:
HPPP =
∑
i
εi ni +
∑
σ
∑
<i,j>
tij(a
†
iσajσ + a
†
jσaiσ)
+
∑
i
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∑
i6=j
Vij
2
(ni − 1)(nj − 1) ,
(1)
1
2
3
4 5
6
7
8
tl
ts
z
z1
4
58
(a) (b)
(d)
Destructive QI Constructive QI
E symmetry A or B symmetry(c)
58
1
4
FIG. 1. (a) Spiro[4.4]nonatetraene molecule. (b) Schematic
of an SNT-molecular junction. (c) Schematic of the molecule
showing the pz orbitals around the spiro-link. (d) The New-
man projection of the spiro-link showing alignment of pz or-
bitals in states with A,B and E symmetry.
where aiσ (a
†
iσ) is the fermionic annihilation (creation)
operator for an electron on site i with spin σ = {↑
, ↓}, niσ = a†iσaiσ, and ni = ni↑ + ni↓. Here, εi is
the site energy determined by the back-gate potential:
εi = ε0 − eVG, and U is the on-site electrostatic repul-
sion. Vij is the inter-site repulsion described using the
Ohno parametrisation: Vij = U/
√
1 + r2ijU
2/207.3eV2
where rij is the distance between the two pz orbitals (in
A˚) [23]. The values of the hopping integrals within each
of the pi sub-units are given by: tij = t[1 − δ(rij − r0)]
where δ = 1.22 A˚−1 and r0 = 1.40 A˚[24, 25]. The cou-
pling across the spiro-link is described using the Hansson-
Stafstro¨m parametrisation (see SI for details) [26, 27].
The molecular Hamiltonian in Eq. (1) includes only
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2N = 8 sites, as numbered in Fig. 1, (we ignore the sp3
carbon centre [28]) – nonetheless, as we shall show below,
Eq. (1) can very well describe the pi-electronic structure
of the molecule. Let us note here that the irreducible
symmetry of the SNT molecule is D2d, and that the sys-
tem described by Eq. (1) is not bipartite. As a result
of the latter, the Coulson–Rushbrooke pairing theorem
is violated [29] and the Hamiltonian (1) does not exhibit
electron–hole symmetry.
Since the PPP Hamiltonian is typically used only to
describe fully-conjugated molecules [30], we begin by val-
idating the use of HPPP in the present case by consider-
ing the electronic spectrum of SNT (in the absence of
the leads). We start by optimising the geometry of the
molecule in Gaussian09 [31] using B3LYP functional and
6-31G** basis set. This yields equilibrium inter-atomic
distances, and thus determines the molecular Hamilto-
nian (as a function of two parameters: t and U). We
then proceed to optimise the values of t and U by fit-
ting the experimental excitation spectrum from Ref. 32
(solving the Hamiltonian by exact diagonalisation, see
SI). The optimised parameter values, t = −2.36 eV and
U = 9.31 eV, yield a complete qualitative agreement with
experimental data (in terms of the degeneracies and the
singlet/triplet character of the transitions) with a relative
(quantitative) error of 3.4%. A graphical comparison of
the theoretical and experimental values is shown in the
SI. The optimised values of hopping integrals are given by
t15 = t48 = −0.24 eV and t18 = t45 = +0.24 eV for cou-
pling across the spiro-link, and ts = −2.52 eV, tl = −2.15
eV for coupling within the conjugated moieties, Fig. 1.
Transport.—Having validated the PPP Hamiltonian,
we now proceed to the main part of this work: investi-
gation of transport through a spiro-conjugated junction,
Fig. 1(b). We assume that the molecular system is cou-
pled to two fermionic reservoirs, the left (L) and right
(R) electrode:
Hl =
∑
l=L,R
∑
kl,σ
klc
†
klσ
cklσ , (2)
via the Hamiltonian
HV =
∑
l=L,R
∑
kl,σ
Vkla
†
lσcklσ + H.c. , (3)
where H.c. denotes a Hermitian conjugate, and cklσ (c
†
klσ
)
is the annihilation (creation) operator for an electron
with energy kl and spin σ in lead l. In what follows,
we set aLσ := a2σ, and aRσ := a6σ (note that all the
terminal sites: 2,3,6, and 7 are equivalent by symmetry).
We continue to use the parameters obtained through
the optimisation procedure described above although it
should be recognised that the molecular structure can
distort and the electrostatic interactions will be renor-
malised when a molecule is deposited in a junction (dif-
ferently for every device). Furthermore, we shall con-
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FIG. 2. (a) The stability diagram calculated for γL = γR = 1
meV at T = 300 K. IV characteristics at (b) VG = −4 eV,
(c) VG = +4 eV. Parameters as in (a). The insets show
transitions occurring in the regions of (b) NDC and (c) current
blockade. Inset at the bottom of (c) shows populations of
N = 8 and N = 9 charge states.
sider transport through an unfunctionalised SNT struc-
ture. Experimental studies of such a system would prob-
ably require functionalising the SNT core with the so-
called anchor groups which would bind to the source and
drain electrodes (although a direct connection of organic
molecules to metallic electrodes is also possible [33, 34]).
Nonetheless, much can be learnt by considering trans-
port through such prototypical molecular systems as has
been previously shown in both the off-resonant [35–37]
and resonant [12, 38, 39] regimes.
Our focus lies in the regime of weak-molecule lead
coupling, where the transport is dominated by Coulomb
blockade. We therefore treat the electrodes perturba-
tively within the Born-Markov [40] and wide-band ap-
proximation, Vkl = Vl = const. This leads to a quan-
tum master equation for the time evolution of the re-
duced density matrix which is then solved in the steady-
state limit, dρ(τ)/dτ = 0. The effect of the leads is
reduced to terms describing electron hopping on and off
the molecule at the rates γl = 2pi|Vl|2%l where %l is the
constant density of states in the lead l. We use symmet-
ric coupling throughout, γL = γR = γ. We set ε0 = 0,
and apply the bias symmetrically: µl = ±eVb/2 where
µl is the chemical potential in the leads which (together
with temperature T ) determines the Fermi distributions,
fl() = 1/(1 + exp [(− µl)/kBT ]). The size of the Fock
space for our molecular Hamiltonian is 48. To make
our calculation tractable we proceed to: ignore coher-
ences between molecular states with different numbers
3of {N↑, N↓} electrons (not an additional approximation)
and between energy levels spaced more than 10γ apart
[41]; and finally, consider only low-lying states (here, all
states lying within at least 2eVb of the ground state at a
particular gate voltage).
The stability diagram (current as a function of the ap-
plied bias and gate voltage) is shown in Fig. 2(a). Two
phenomena quickly become apparent: (i) Current block-
ade (non-closing Coulomb peaks) at positive gate volt-
age and (ii) Negative differential conductance (NDC, de-
creasing current with increasing bias voltage) present for
resonant transport through various charge states. Both
phenomena can be explained by destructive quantum in-
terference (DQI) occurring in transport through the de-
generate E states. As shown in Fig. 1(d), we expect DQI
to occur for states with E symmetry (antisymmetric with
respect to the C2(z) rotation: C2(z)|ΨNm〉 = −|ΨNm〉),
as the spiro-connected sites are coupled to each other
with opposite phases. Alternatively, one can consider the
transport as occurring in the basis of eigenstates ofHPPP.
There, it is possible to diagonalise the molecular Hamil-
tonian in such a way that each of the E states is localised
on either moiety and therefore coupled only to a single
(left or right) electrode. This corresponds to a complete
destructive (inter-orbital) QI at the spiro-link. Let us
stress that this is a consequence of the unusual geometry
of the spiro-conjugated systems in which the interaction
between the two moieties mixes only states of certain
symmetry [16, 17]. To understand these phenomena in
detail let us consider IV characteristics at VG = ±4 eV.
In both cases the molecular system is found in 8A1 state
at Vb = 0 V. For negative gate voltage, as the bias is
increased, the transitions to 7A2 and 7B1 states become
possible, each of which results in a step-wise increase in
current, Fig. 2(b). At higher bias, the degenerate 7E
states become populated. Since these two states inter-
fere destructively, the transport through these states is
blocked. Due to strong electron-electron repulsion [42],
further electron transfers onto the molecule cannot take
place giving rise to NDC.
At VG = +4 eV, the E states are the lowest-lying 9-
particle states. As the bias is increased, they become
populated and this, again due to DQI, results in a cur-
rent blockade. In transport through the E states, a
complete DQI occurs at the ‘spiro’-link which localises
the propagating charge density on either of the moi-
eties (depending on the sign of Vb). While NDC is a
feature characteristic of systems with degenerate energy
levels [39, 41, 43], the full current blockade is a conse-
quence of the peculiar geometry of spiro-conjugated sys-
tems. We have also investigated transport through two
smaller spiro-conjugated systems. Signatures of DQI are
present in both of these systems, see SI. In symmetric
molecules they result from degenerate states which inter-
fere destructively, in asymmetric ones they are a result
of intra-orbital QI.
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FIG. 3. (a) Schematic energy diagram of the 9E states as a
function of θ. (b) IV characteristics at VG = 4 eV, γ = 10
meV for different values of θ, . (c) Values of current at VG = 4
eV, Vb = 3 V for different values of θ and γ; curves for γ = 10
and 20 meV were re-scaled by factors of 10 and 20 respectively.
(d) Values of current at VG = 4 eV, Vb = 3 V for different
values of θ in the presence of energetic detuning between the
two moieties. We shift the site energies on the two moieties
by ±∆ε, γ = 1 meV.
Jahn-Teller Distortion.—Populating degenerate elec-
tronic states, however, typically results in Jahn-Teller
(JT) distortion [44]. This is also the case in the SNT
molecule where, upon charging, the symmetry reduces
from D2d to D2 as the two conjugated moieties undergo
a twist away from the 90◦ angle (b1-type distortion)
[32]. As shown in Fig. 3(a), upon such twisting, cou-
plings across the spiro-link are no longer antisymmetric
(t15 6= −t18 and so on). This distortion lifts the degener-
acy of the 9-particle ground state (effectively reducing the
overall energy of the system) and will thus have a dele-
terious effect on the destructive QI phenomena discussed
above. We first approach this problem from a static per-
spective. In Fig. 3(b) we calculate the IV characteristics
at VG = +4 eV for different values of θ - angle between
the two moieties (we manually rotate one of the moieties
and evaluate a new PPP Hamiltonian for each value of
θ). As the angle between the two moieties is twisted away
from pi/2, the two orbitals cease to interfere destructively
and the current blockade is lifted. Fig. 3(c) is showing
the values of high voltage (Vb = 3 V) current as a func-
tion of θ. In the case of stronger molecule-lead coupling,
DQI survives at significantly larger twist angles. For suf-
ficiently strong molecule-lead coupling, Jahn-Teller dis-
tortion can be expected to have little effect on the current
blockade, whereas in the case of very weak coupling the
blockade is lifted even by a modest JT distortion.
It is also interesting to consider the effect of the twist-
ing in the presence of an energetic detuning between the
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FIG. 4. (a) IV characteristics for different values of the
electron-phonon coupling parameter λ for ω = 27 meV and
hopping rate: γ = 1 meV. The damping rate is taken to be
γd = 0.1 meV where appropriate, T = 77 K. (b) Values of
current at Vb = 2.5 V as a function of λ and ω renormalised
by I0 - value of current for λ = 0 and θ = 85
◦. The molecule-
lead rate is γ = 20 meV, T = 300 K. 50 vibrational levels
were included in both calculations.
moieties due to capacitive coupling of the molecule to
the source and drain electrodes [45, 46]. It localises the
otherwise degenerate states on either of the two moieties
and thus stabilises the current blockade, see Fig. 3(d).
We can therefore infer that the current blockade can be
stabilised by the applied bias voltage. Similar effects can
be obtained by a geometric distortion of a b2-type, see
SI.
Microscopically, Jahn-Teller distortion originates due
to coupling of the electronic E states to, in this case,
the twisting b1 vibrational mode (E ⊗ b1 type) [32, 44].
We proceed to examine the interplay between JT distor-
tion and DQI within this microscopic picture. In what
follows we will consider only 5 electronic states: the to-
tally symmetric 8-particle ground state and four (spin
and spatially) degenerate 9E states (two spatially degen-
erate levels are denoted as α and β; all the other states lie
outside the bias window for Vb and VG considered hence-
forth). The α and β states do not vary with the displace-
ment coordinate (although, crucially, their energies do)
and so we define these two states as obtained through the
diagonalisation of the Hamiltonian at θ = pi/2+δθ where
δθ → 0. The relevant Hamiltonian can now be written
as [44, 47]:
HJT = ε
′(nα + nβ) + ωb†b+ g(b† + b)(nα − nβ)
+
∑
l,kl,σ
klc
†
klσ
cklσ +
∑
l,kl,σ
Vld
†
lσcklσ + H.c. , (4)
where nα =
∑
σ nασ, ε
′ is the energy difference between
the 8A1 and 9E states, g is the electron-phonon coupling
constant, and ω is the frequency of the b1 mode in ques-
tion with raising (lowering) operator b† (b). The operator
d†lσ (dlσ) describes (de-)charging of the molecule at con-
tact l and can be written as d†lσ = ζlαa
†
ασ + ζlβa
†
βσ where
the coefficients ζlα and ζlβ are obtained using the PPP
Hamiltonian.
We proceed to describe this problem within the Born-
Markov approximation [40] with respect to the leads in
the polaron-transformed frame while allowing for non-
equilibrium dynamics of the vibrational mode (unless
specified otherwise), and use standard methods to extract
the current from the resulting quantum master equation
[48–50]. In Fig. 4(a), we plot the IV characteristics ob-
tained for different values of the dimensionless electron-
phonon coupling parameter, λ = g/ω. Firstly, we can
observe that coupling to the mode of b1 symmetry lifts
the current blockade with current increasing with λ. The
latter can be contrasted with what occurs typically in a
simple single-level case where the inclusion of vibrational
interactions leads to a suppression of current [51]. While
full non-equilibrium dynamics of the b1 mode can rather
efficiently lift the blockade, even very slow damping (in-
troduced phenomenologically [40]) can significantly re-
duce the current flowing through the system. In Fig.
4(b) we consider values of current at high bias as a func-
tion of ω and λ. Once again, we see that increasing λ
yields higher values of current. The fact that current
decreases with decreasing ω can be explained as follows.
Within the Franck-Condon principle, the electron hop-
ping on and off the molecule occurs within a rigid nu-
clear framework. For ω  γ, when the unitary evolution
of the mode is much slower then the (de-)charging of the
molecule, this unitary evolution of the vibrational mode
will become the bottleneck of the overall electron trans-
port.
In contrast, distortions induced by a1 and a2 vibra-
tional modes do not split the 9E states, and are there-
fore incapable of lifting the current blockade. Coupling
to vibrational modes of b2 symmetry similarly cannot
do that despite also resulting in Jahn-Teller distortion
(to C2v symmetry). This situation can be described by
a Hamiltonian equivalent to (4) but with (redefined) α
and β localised on either of the two conjugated moieties.
Including coupling to both b1 and b2 modes would re-
quire inclusion of non-adiabatic effects which are beyond
the scope of this work. We can anticipate, however, that
they will stabilise the current blockade, similarly to what
is inferred from the static model.
Conclusions.—We have studied resonant transport
through a prototypical spiro-conjugated single-molecule
junction which we have described with an (experimen-
tally validated) PPP Hamiltonian. We have shown that
in the regime of strong electron-electron repulsion, de-
structive QI effects lead to current blockade and NDC.
While NDC is characteristic for systems with doubly-
degenerate levels, the current blockade of the type dis-
cussed here results from the peculiar structure of spiro-
conjugated systems. The aforementioned effects result
from destructive interference between the degenerate E
states. Populating these states will, however, result in
Jahn-Teller distortion which may lift the DQI-induced
phenomena. We predict that the signatures of QI can
nonetheless survive, especially for a relatively strong
5molecule-lead coupling, and slow nuclear dynamics. The
strength of the molecule-lead coupling can be controlled
to some extent by the choice of molecule-lead coupling or
even by mechanical means [52], and the frequency of the
vibrational modes can be strongly influenced by chemi-
cal design, see SI. Let us also note that functionalising
the molecular core can result in symmetry breaking and
result in small splittings of the E states (cf. Refs. 53 and
54) with the pseudo-Jahn-Teller distortion taking place
instead [44].
Jahn-Teller distortion is a ubiquitous phenomenon
present throughout chemistry and condensed matter
physics. As shown herein, spiro-conjugated systems can
serve as an excellent platform for studying its effects
in the transport setting. Finally, we have shown that
destructive quantum interference effects are inherently
present in transport through spiro-conjugated systems
which may thus serve as useful building blocks in molec-
ular thermoelectrics, transistors or rectifiers.
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